Meiosis is an essential mechanism of gametogenesis for all sexually reproducing species. In vertebrates, one conserved aspect of sex differentiation is that female embryonic germ cells enter meiosis earlier than male germ cells. In some lower vertebrates, female germ cells proliferate prior to entering meiosis, whereas male cells remain in mitotic arrest. Protandrous black porgy fish, Acanthopagrus schlegelii, have a dramatic life cycle involving a characteristic sex change. Black porgy are functional males for their first and second spawning seasons, but approximately half of the fish transform into females during their third year. We cloned the black porgy homologs of dosage suppressor of mck1 homolog (dmc1) and synaptonemal complex protein 3 (sycp3), and examined their expression profiles as well as those of cytochrome P450 family 26 genes (cyp26: cyp26a and cyp26b), retinaldehyde dehydrogenases (raldh: raldh2 and raldh3), retinoic acid receptors (rars: raralpha, rarbeta, rargamma, and rargammab), retinoid X receptors (rxrs: rxralpha, rxrbeta, and rxrgamma) and deleted azoospermia-like (dazl) during gonadal sex differentiation by RT-PCR, quantitative RT-PCR, and immunohistochemistry. Our results show that during gonadal development, germ cells located in ovarian tissue proceed into meiosis earlier than germ cells in testicular tissue. Furthermore, treatment with estradiol17beta, which induced cyp26 expression, blocked dazl and raldh expression and reduced the expression of rars, rxrs, dmc1, and sycp3. This unique model therefore suggests that the temporal differences in meiosis initiation between females and males are conserved during gonadal sex differentiation in hermaphroditic vertebrates.
INTRODUCTION
All sexually reproducing animals generate their gametes via meiosis, which reduces the cell's DNA content by half to ensure the correct amount of DNA in the fertilized egg. Each diploid germ cell enters meiosis, which includes one round of DNA replication followed by two rounds of cell division, producing four genetically distinct haploid cells through chromosomal recombination. In males, one meiotic germ cell forms four spermatozoa, but in females, only one functional egg is ultimately produced, with the residual genetic material extruded as polar bodies [1] . In mammals, female germ cells enter meiosis at an earlier developmental stage than male germ cells [2] . In the fetal mouse ovary, germ cells undergoing meiosis I can be observed by approximately 13.5 days postcoitum (dpc). Male germ cells, by contrast, do not enter meiosis during fetal life but instead initiate meiosis I at approximately 10 days postpartum [3] . In the chicken, female germ cells begin to undergo meiosis at day 15.5, whereas male germ cells become arrested in meiotic prophase I at 8 weeks [4] . In a urodele amphibian, germ cells enter meiosis at the late larval stage in females and 2 months after metamorphosis in males [5] . In the teleost tilapia, meiotic cells first appear at 35 days after hatching (dah) in female fry, whereas meiosis occurs around 85 dah in XY fry [6] . The time required for each stage of meiosis varies among species and between sexes of the same species. Meiotic prophase I generally lasts the longest. In mice, dosage suppressor of mck1 homolog (Dmc1) [7] and synaptonemal complex protein (Sycp3) are specifically expressed during early meiotic prophase I [8] .
Numerous independent lines of evidence have indicated that retinoic acid (RA) triggers the onset of meiosis in both male and female mammals [9] [10] [11] [12] as well as other vertebrates, including chicken [4] and amphibians [5] . RA typically functions as a paracrine signal, with one cell type converting retinol (ROL) to RA, and a second cell type receiving RA as a ligand for two classes of nuclear receptors, the RA receptors (RARs) and the retinoid X receptors (RXRs) [13] . The conversion of ROL to RA involves two serial oxidative steps catalyzed by ROL or alcohol dehydrogenases and requiring retinaldehyde dehydrogenase (RALDHs) [14] . The RA:RAR/ RXR complex binds to RA response elements (RAREs) in target genes, recruits coactivators or corepressors, and results in transcriptional upregulation or downregulation [15] . The level of RA in a tissue is controlled by the dynamic balance between RALDH-mediated synthesis and oxidative degradation by enzymes of the cytochrome P450 family 26 (CYP26s) [16] .
Protandrous black porgy, Acanthopagrus schlegelii, have a dramatic life cycle involving a characteristic sex change. Fish act as functional males for their first and second spawning seasons, but a large proportion of the population (approximately 40%-50%) transforms into females during their third year [17] . Bisexual gonads, or ovotestes, have been observed in 4-to 5-mo-old fish [18] . The testicular tissue develops more predominantly, but some oogonia and primary oocytes remain in the ovarian tissue during the first spawning season. The testicular tissue then begins to regress, and ovarian tissue grows during the nonspawning periods in 1 þ and 2 þ -year-old fish. Full regression of the testis accompanies the development of vitellogenic oocytes during the sex change period in a subset of 3-year-old fish [19] [20] [21] . These physiological phenomena imply that the black porgy possesses two complete male and female developmental pathways and that important gene regulatory changes must drive the switch from male to female in accordance with its life history.
In the present study, we cloned the black porgy homologs of dmc1 and sycp3, which are reported to be specifically expressed during meiotic prophase in mammals, and then produced polyclonal antibodies based on the deduced amino acid sequences. We examined the expression profiles of these genes during gonadal sex differentiation by RT-PCR and quantitative real-time PCR and determined their cellular localization patterns by immunohistochemistry (IHC). We also evaluated the effect of estradiol-17b (E 2 ) on the initiation of meiosis. Our findings indicated that the black porgy offers a unique model in which female germ cells enter into meiosis earlier than male germ cells, despite the presence of protandry. We also show the first evidence of E 2 inducing cyp26 (cyp26a) expression and correspondingly reducing the expression of dazl, raldh3, rars/rxrs, dmc1, and sycp3.
MATERIALS AND METHODS

Experimental Fish
Black porgy (A. schlegelii) larvae were collected from the Aquatic Animal Center of National Taiwan Ocean University (NTOU). The fish were acclimated to the pond environment at the university culture station in seawater with a natural lighting system and water temperatures ranging from 19 to 268C. The fish were fed with a commercial feed (Fwa Sou Feed Co.) ad libitum. All experiments and procedures were approved by the NTOU Institutional Animal Care and Use Committee and performed in accordance with the guiding ethical principles.
Experimental Design
Experiment I. Gonadal morphology and germ cell development during sex differentiation. Gonadal structure and germ cell location change throughout development. To evaluate gonadal histology and determine germ cell localization throughout sex differentiation, fish larvae were sampled (n ¼ 3) at 30, 45, 60, 90, 120, and 150 dah. Germ cells were identified by RNA in situ hybridization with anti-vasa probes.
Experiment II. Determination of the timing of meiotic initiation in the black porgy. The onset of meiosis is an important hallmark in germ cell development. Once meiosis is initiated, germ cells are directed onto an oogenic or spermatogenic pathway. We cloned the black porgy homologs of two meiotic prophase markers, dmc1 and sycp3. To determine when meiosis initiates in black porgy, fish larvae (n ¼ 8) were collected at 30, 45, 60, 90, 120, 135, and 150 dah. Complementary DNA was synthesized from isolated RNA. RT-PCR was performed to detect the expression of meiotic makers dmc1 and sycp3 using eukaryotic translation elongation factor 1a (ef1a) as a reference. For confirming the chromatin morphology, we examined the gonadal histological sections with 4 0 ,6-diamidino-2-phenylindole (DAPI) staining at 60, 90, 120, 150, 180, and 250 dah (n ¼ 3).
Experiment III. Tracing meiotic signals in the black porgy gonad during sex differentiation. Based on the deduced amino acid sequences of black porgy Dmc1 and Sycp3, antisera were induced and prepared for IHC. Sections of gonads from 120-, 150-, and 180-dah fish (n ¼ 3) were used for IHC to monitor the location of meiotic cells during gonadal differentiation. To calculate the ratios of meiotic cells versus the germ cells in the ovarian portion and putative testicular tissues (PTT), we sectioned serially at 5 lm and stained with hematoxylin and eosin. The total number of germ cells was counted by examination of serial sections under the microscope.
Experiment IV. Effects of E 2 on meiosis in black porgy via extrinsic and intrinsic factors. Our previous studies showed that E 2 treatment effectively induced ovary development in juvenile black porgy, though oocytes did not advance beyond the primary oocyte stage. To investigate the effects of E 2 on the upstream pathway regulating meiosis initiation, we treated juvenile black porgy with E 2 and then analyzed the expression of genes reported to regulate meiosis initiation extrinsically (the cyp26 signaling pathway) or intrinsically (dazl). E 2 was administered orally (6 mg E 2 per kg feed), and the treatment was applied from the undifferentiated gonad stage (3 mo old) to the differentiated gonad stage (6 mo old). Control feed was then provided until the first spawning season. Samples (n¼ 8 fish per group) were collected monthly for genetic analyses and histology.
Experiment V. Localization of Cyp26a with Sycp3, Dazl with Dmc1, and Cyp26a with Sox9. To clarify the spatial relationship of meiotic germ cells with their extrinsic regulator Cyp26a and intrinsic regulator Dazl, and to determine whether Cyp26a is localized to Sertoli cells (using Sox9 as a Sertoli cell marker), we performed IHC on fish at 120 dah, when meiosis was first detected, and at one later stage (150 or 250 dah), after meiosis initiation (n ¼ 3 fish per stage).
RNA Extraction and cDNA Synthesis
Total RNA was extracted by using TRIzol reagent (Invitrogen) according to the manufacturer's instruction. First-strand cDNA was synthesized using Superscript III First-Strand Synthesis Supermix (Invitrogen) with oligo (dT) 20 primers. This cDNA (1 lg/40 ll Milli-Q water) was used for RT-PCR and quantitative RT-PCR (qRT-PCR) analyses.
cDNA Cloning
Full-length cDNAs of dmc1 and sycp3 were obtained by 5 0 and 3 0 rapid amplification of cDNA ends using the SMART RACE cDNA Amplification kit (Takara). The primer sets for dmc1 are 5 0 gene-specific primer (GSP1): GGA AAA ACC CAG CTG TCG CAC ACA CTC, 5 0 nested gene-specific primer (NGSP1): GCC CAG CTG CCA GGC GAG GAC GGC TAC, 3 0 GSP2: GCC GCT CAG CCA GCT CAC CTC GAC CAG, and 3 0 NGSP2: CTG ATG TTC ACT GGT ATA GGC CCT GGC; for scp3 GSP1: TCT AGA AGA GCA TGG ACT GCA GCG, NGSP1: CTC CTT TCT CAG CTC CTG TTG CGC CCC, GSP2: GAG GTT CAG TCC ATG TTG GAG AAA, and 3 0 NGSP2: AAG GTG ATG CAG GCC AAG AAG AAA CGC C. The 3 0 RACE cDNA fragments of cyp26a (accession no. JX483714) and cyp26b (accession no. JX483715) were obtained by using primers GSP2: GTG CAA GAG TCA GAC AAG GAA ACA AAA CAC AG, NGSP2: CAT CGA CAG CAG CAA GAA GAA TGG GGA ACC CT for cyp26a, and GSP2: CCG TGC ACG AGA CAC ACT TCA GAA AAG C, NGSP2: CCG CTG TGT TCC CAG GGG AAG GAT TAC AGC for cyp26b. The partial sequences of raldh2 (accession no. JX483719), raldh3 (accession no. JX483720), rara (accession no. JX483721), rarb (accession no. JX483724), rarc (accession no. JX483722), rarcb (accession no. JX483723), rxra (accession no. JX483725), rxrb (accession no. JX483726), and rxrc (accession no. JX483727) were derived from our laboratory transcriptome database.
Antisera Preparation
Synthesized Dmc1 and Sycp3 peptides conjugated with ovalbumin were used for immunization. The Dmc1 antiserum was produced from the immunized white rabbit against a peptide deduced from the black porgy Dmc1 sequence (ADPGAGMTFQADPKKPIGGC). The Sycp3 antiserum was prepared in guinea pigs immunized against two peptide fragments of black porgy Sycp3 (RRQLKKKHPEEKPDKKC and CQQWETEAQRAEE-QEEKL). The Dazl antiserum was produced from guinea pigs immunized against a recombinant protein corresponding to the 133 N-terminal amino acids of black porgy Dazl. The antisera were generated by Yao-Hong Biotechnology Inc. A polyclonal antibody against zebrafish Cyp26a1 (catalog no. 55732s) was purchased from AnaSpec Inc. The polyclonal antibodies against Sox9 (catalog no. P100797) and Pcna (sc-7907) were purchased from Aviva Systems Biology and Santa Cruz Biotechnology, respectively.
In Situ Hybridization
The bpvasa (accession number JX483713) cDNA fragment was cloned into the pGEM Teasy vector. Sense and antisense RNAs were synthesized in vitro using digoxigenin-labeled uridine triphosphate (Roche) and T7 or SP6 RNA polymerase (Promega). Gonads at various developmental stages were fixed in 4% paraformaldehyde at 48C overnight, embedded in paraffin wax, and cut into 6-lm sections. The paraffin sections were dewaxed and rehydrated by passing through a xylene-ethanol series. The sections were soaked in a hybridization solution containing 50 lg/ml tRNA, 60% formamide, 0.02 M Tris buffer (pH 8), 0.0025 M EDTA, 0.3 M NaCl, 13 Denhardt solution, and 7.5% dextran sulfate at 658C for 24 hr. The sections were then washed as follows: 53 salinesodium citrate (SSC) at 608C for 10 min, two washes in 50% formamide/23 SSC at 608C for 15 min, TNE buffer (50 mM Tris, pH 7.5, 140 mM NaCl, and 5 mM EDTA) at 378C for 10 min, RNase (100 lg/ml in TNE) at 378C for 30 min, two washes in 23 SSC at 608C for 20 min, 0.23 SSC at 608C for 20 min, and TBS buffer (0.1 M Tris, pH 7.5, 0.15 M NaCl) at room temperature for 5 LAU ET AL.
min. After incubating in 1% blocking reagent (Roche) at room temperature for 30 min, the sections were incubated with Fab fragments of an anti-Dig-alkaline phosphatase-conjugated antibody (1:1000) in blocking solution overnight at 48C. Nitro-blue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3 0 -indolyphosphate p-toluidine salt (BCIP) were used for signal development. The slides were sealed with Entellen neu (Merck).
Immunohistochemistry
Dewaxed tissue sections were soaked in 0.3% hydroxyl peroxide in methanol at room temperature for 15 min to quench endogenous peroxidase activity. The sections were then blocked with 10% normal goat serum for 30 min. The primary antibodies were applied to the sections at a 1:1000 dilution at
Comparison of Dmc1 amino acid sequences. Alignment of Dmc1 homologs from various species, including human (CAG30372), mouse (AAI19082), chicken (NP_990504), frog (NP_001081236), black porgy (JX483711), carp (ABR08568), goldfish (ABQ23182), zebrafish (AAI63218), medaka (ACH91672), Japanese eel (BAE92010), shrimp (ACC62173), and yeast (BAA28671). Conserved residues are shown as white letters on a black background. A.2) A phylogenetic tree of Dmc1 and Rad51 homologs from various species was constructed using the neighbor-joining method. Line length indicates genetic distance. B.1) Comparison of the black porgy Sycp3 sequence with homologs from other species. B.2) Phylogenetic analysis using the neighbor-joining method. Line length indicates genetic distance. NCBI accession numbers for SYCP3, SYCP2, and SYCP1 homologs are as follows: SYCP3: human (NP_001171420), mouse (NP_035647), frog (NP_001108302), black porgy (JX483712), rainbow trout (AAT35600), zebrafish (NP_001035440), and medaka (NP_001098182). SYCP2: human (AAI32871), pig (CAN13245), mouse (CAM15810), and frog (AAI22422). SYCP1: human (NP_003167), mouse (NP_035646), zebrafish (AAH45503), medaka (BAE45256), and European sea bass (CBN80756).
48C overnight. After three washes in PBS, the secondary biotinylated antibody was added to the sections at a 1:1000 dilution and incubated at 378C for 60 min. The Vectastain ABC kit and diaminobenzidine tetrachloride were used for signal development according to the manufacturer's instructions. We also used alkaline phosphatase-conjugated secondary antibodies and NBT/BCIP for color development in certain cases. For immunofluorescence staining, secondary antibodies conjugated AlexaFluor 488 or 594 were used at a 1:500 dilution. Dmc1, Sycp3, Dazl, Cyp26a1, Sox9, and Pcna antisera were applied at 1:1000, 1:500, 1:200, 1:100, 1:200, and 1:100, respectively. The specificity of antiPcna antibody has been proved by our previous study [22] . The specificities of the other antibodies were determined by Western blot analysis (see Supplemental Figure S1 , available online at www.biolreprod.org).
RT-PCR and qRT-PCR
Polymerase chain reactions were carried out using the following primer sets: dmc1 forward: GGT CGA GGT GAG CTG GCT GAG CG, reverse: GCA CCA CAG CAC GAG ATG GCC AG; sycp3 forward: AAG GTG ATG CAG GCC AAG AAG AGA CGC C, reverse: CTC CTT TCT CAG CTC CTG TTG CGC CCC C; and ef1a forward: TCC ACC TCC ACC GGT CAC CTG ATC, reverse: CAC CAA CGC CAG CAG CGA CGA TCA. The conditions were preceded at 948C for 3 min, followed by 30 cycles of 948C for 30 sec, 608C for 30 sec, 728C for 30 sec, and final extension at 728C for 7 min. Complementary DNA samples were diluted 1:4 and 2 ll used in each 10-ll qRT-PCR reaction, containing SYBR green PCR master mix (Kappa) and 60 nM each forward and reverse primers. Transcript levels were analyzed on an ABIPrism-7500 Sequence Detector System over 40 cycles of 958C for 3 sec and 608C for 30 sec, preceded by an initial step at 958C for 5 min. Dissociation curves were examined for each experiment to verify that only single amplicons were produced. The amplification efficiencies were determined by four serial 10-fold dilutions in triplicate and the absence of genomic DNA was proofed by RT-PCR in all sample pools using the gene-specific primers for 28S rRNA. To measure the relative expression, the 2
ÀDDCT method was used [23] , where 
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time point and Time 0 represents the 13 expression of the target gene normalized to ef1a. We set cyp26a and raldh2 control at 90 dah, rara control at 90 dah, dmc1 and sycp3 control at 120 dah, and dazl control at 60 dah at 1. The primer sets used for qRT-PCR are as follows: ef1a forward: ATG CGG AGG AAT CGA CAA GAG, reverse: GGA GGT ACC AGT GAT CAT GTT CTT G; dmc1 forward: GGA AAA ACC CAG CTG TCG CAC ACA, reverse CTG ATG TTC ACT GGT ATA GGC CCT; sycp3 forward: AAG GTG ATG CAG GCC AAG AAG; reverse: CTT CTC CTC CTG CTC TTC AGC ACG, cyp26a forward: GTG CAA GAG TCA GAC AAG GAA ACA, reverse: GTC TTG AGG GCC ACT CTG AAG CCT; cyp26b forward: CCG TGC ACG AGA CAC ACT TCA GAA, reverse: CCT TTG GGT ATT TGG TAG CCA TTG; raldh2 forward: TTC GGG CCA ACG GCA GGA GC, reverse: CCT GCT GTG CAG CAC TGG CCG; raldh3 forward: ATG GTG GAT CAG CTG TGG GCG, reverse: CCT TGG CGA TGC GCA TGT GGT; rara forward: GCA TCA TCA ACA AAG TCA CCC GC, reverse: GGT TTC CTG GTG TGC CTT GCG AAC CC; rarb forward: GCC AAC CAG CTG CTG CCC ATC GAG, reverse: TAG CAC TGA TGC TGC GCA GGT CTG; rarc forward: GGA ATT CGC CAA GCG GCT GCC AGG, reverse: GGA ATT CGC CAA GCG GCT GCC AGG; rarcb forward: GCT GCA AGG GTT TCT TTC GGC GCA G, reverse: GAA CAC CAG GTC CGT GAG TGG TCC; rxra forward: CCA TCT GTG GTG ACC GCT CCT CA, reverse: TCT ATC CTT GGC TCG CTG GCG CT; rxrb forward: TGT AAG CAA GAT GAG AGA CAT GC, reverse: TGC GGG GAG CCG CAG AAG GAG C; rxrc forward: CGG ACA ACT CAA CAG TCC ACA G, reverse: GAG ATC TTT GCG GAC GGT CCT C; dazl forward: GTT GGT GGG ATT GAC ATG AAG ATG G, reverse: TGT GGA CTG TGG AGT CCA GAC TAT G; 28S rna forward: CCA TCT GAG AGT TGG TGT CAG, reverse: GTG GTC ATT CAT ACT GGG CC. The PCR efficiencies for ef1a, cyp26a, cyp26b, raldh2, raldh3, rar-a, rar-b, rar-c, rar-cb, rxr-a, rxr-b, rxr-c, dmc1, sycp3, and dazl were 101%, 95%, 96%, 92%, 93%, 97%, 95%, 98%, 94%, 96%, 93%, 92%, 99%, 98%, and 106%, respectively.
Data Analysis
A three-way (gene 3 treatment 3 day) analysis of variance was performed on the relative expression to show E 2 administration effect on the target gene expression. The data presented were the means 6 SEM.
RESULTS
Molecular Characterization of bpdmc1 and bpscp3
We cloned a putative full-length bpdmc1 (accession no. JX483711) cDNA with a 1026-bp open reading frame (ORF) encoding 342 amino acids with a predicted isoelectric point (pI) of 5.6 and a molecular mass of 37.8 kDa. The deduced amino acid sequence has 90% identity and 96% similarity with zebrafish Dmc1 (accession no. AAI63218), 92% identity and 97% similarity with eel Dmc1 (accession no. BAE92010), 89% identity and 95% similarity with mouse DMC1 (accession no. AAI19082), and 89% identity and 95% similarity with human DMC1 (accession no. CAG30372). To evaluate sequence conservation, we performed the alignment with various species' Dmc1 as shown in Figure 1A .1. A phylogenic tree of Dmc1 from various species is shown in Figure 1A .2. Domain analysis by the Conserved Domain Database revealed that bpDmc1 contains rec2 and rec3 domains at the 99-276 and 279-342 aa, respectively.
We also cloned a putative full-length bpsycp3 (accession no. JX483712) cDNA with a 717-bp ORF encoding 239 amino acids with a predicted pI of 8.4 and a molecular mass of 27.9 kDa. The deduced amino acid sequence has 67% identity and 80% similarity with zebrafish (accession no. NP_001035440), 71% identity and 84% similarity with medaka (accession no. NP_001098182), 53% identity and 74% similarity with mouse (accession no. NP_035647), and 54% identity and 75% similarity with human (accession no. NP_001171420). The alignment of various species' Sycp3 is shown in Figure 1B. Figure 1B .2. Domain analysis by CCD revealed that bpsycp3 contains a cor1 superfamily domain at the 85-214 aa position.
A phylogenic tree of various Sycp homologs is shown in
Gonad Formation and Germ Cell Development
We performed RNA in situ hybridization using an antisense vasa probe to identify germ cells during gonadal development in the juvenile black porgy (n ¼ 3 per developmental stage). The stromal gonad developed from the peritoneum at 45 dah ( Fig. 2A) . The gonad primordium then proceeded through several structural changes, including the protrusion and branching of gonadal tissue toward the coelomic cavity (Fig.  2B) and aggregation of stromal tissue in the hilar region at 90 dah (Fig. 2C) . Several melanocytes were observed in the developing gonad (Fig. 2D) . The branched gonad elongated and was poised to form the central cavity at 120 dah. Formation of the central cavity was accompanied by germ cell proliferation (Fig. 2E) . The PTT were located on the ventral side. Germ cells in the ovarian tissue outnumbered those in the PTT at 150 dah by vasa in situ hybridization (Fig. 2F) .
Expression Patterns for dmc1 and sycp3 Reveal That Meiosis Initiates at 120 dah and Proceeds from the Ovarian Tissue Toward the Putative Testicular Tissue During Gonadal Differentiation
The expression profiles of dmc1 and sycp3 were examined by RT-PCR from 30 to 150 dah, using ef1a as a reference gene. Both dmc1 and sycp3 were first expressed at 120 dah, indicating that germ cells have prepared to enter meiotic prophase by this stage (Fig. 3A) . By IHC, Dmc1 and Sycp3 were detectable in germ cells near the micro-blood vessels of the undifferentiated gonad (120 dah; Fig. 3B ). After the central cavity had formed, Dmc1-and Sycp3-positive germ cells were primarily located around the central cavity and at the base of the gonad (Fig. 4, A-D) . By 180 dah, however, some germ cells in the PTT expressed Dmc1 and Sycp3 (Fig. 4, E-H) . The ovarian region also contained meiotic germ cells at this stage (Fig. 4, E and G) . The ratios of the meiotic cells versus the germ cells in PTT were significantly increased at 180 dah (Fig.  4I) . In fact, there were a very small number of Dmc1 and Sycp3 signals found in PTT (total average; 0.19 meiotic cells/ 100 germ cells) at 150 dah. These results imply that meiosis initiates in the ovarian tissue first and then shifts to the PTT in the gonad of the juvenile black porgy (Fig. 4J ).
Chromatin Morphology of Germ Cell Nuclei During the Gonadal Sex Differentiation
We next examined germ cell nuclei by DAPI staining (Fig.  5 ). Prior to 150 dah, the DNA of germ cell nuclei was not condensed, and a small nucleolus was apparent (premeiotic interphase). When the central cavity and PTT had formed, the DNA of male germ cells in PTT and female germ cells around the central cavity began to condense into single fibers (180 dah). The germ cells then entered the prezygotene stage (with enlarged DNA fibers and sister chromatids slightly separated). Oocyte nuclear diameters increased after 150 dah. Paired bivalent chromatids were observed in germ cell nuclei at 250 dah (pachytene stage) in both sexes.
Exogenous E 2 Induced the Expression of an RA-Degrading Enzyme (cyp26a) and Suppressed raldh3 Expression During Gonadal Differentiation
Expression of cyp26a was at a significantly higher level than that of cyp26b at 120, 150, and 180 dah (P , 0.0001; Fig.  6A ). E 2 treatment increased cyp26a expression at 120, 150, and 180 dah (P , 0.0001) and decreased cyp26b expression at 180 dah (P , 0.05) but had no significant effect on cyp26b expression at 120 or 150 dah (Fig. 6A) . raldh3 was expressed at a significantly higher level than raldh2 (P , 0.0001). E 2 treatment decreased raldh3 expression (P , 0.05) but had no significant effects on raldh2 (Fig. 6B) .
Exogenous E 2 Inhibited the Expression of RARs (rars/rxrs) During Gonadal Differentiation
Expression of rarb was at a significantly higher level than rara, rarc, or rarcb (P , 0.001). E 2 treatment inhibited the expression of all rars tested (rara, rarb, rarc, and rarcb; P , 0.0001; Fig. 7, A-D) . rxrc was expressed at a significantly higher level than rxrb or rxra (P , 0.0001). E 2 treatment also reduced rxra expression at 150 dah (P , 0.01) and 180 dah (P , 0.0001) but had no significant effect at 120 dah. E 2 treatment also reduced rxrb expression at 180 dah (P , 0.001) but had no significant effect at 120 or 150 dah. E 2 treatment did not significantly affect rxrc expression, although there was a trend toward higher values in controls (Fig. 7, E-G) .
Exogenous E 2 Suppressed the Expression of Meiotic Prophase Markers (dmc1 and sycp3) and an Intrinsic Regulator of Meiosis (dazl)
The relative expression level of dmc1 at 150 dah was significantly higher than that of sycp3 (P , 0.0001). E 2 suppressed the expression of both dmc1 and sycp3 (P , 0.0001). Both dmc1 and sycp3 consistently reached expression peaks at 150 dah (P , 0.0001; Fig. 8, A and B) . Expression of dazl was significantly increased at 120 dah (P , 0.0001), when both dmc1 and sycp3 were also detected. There was no significant difference in dazl expression between 60 and 90 dah. E 2 treatment suppressed the expression of dazl at 120 dah (P , 0.01; Fig. 8C ). 
MEIOTIC INITIATION IN A PROTANDROUS TELEOST
Noncolocalization of Cyp26a and Sycp3 and Colocalization of Dazl and Dmc1 During Gonadal Differentiation
Both Cyp26a and Sycp3 were expressed in the 120-dah gonad (Fig. 9, A and B) as well as in testicular and ovarian tissues at 250 dah (Fig. 9, C and D) . Cyp26a-expressing cells were located close to the Sycp3-expressing meiotic cells, but no overlap was observed. Meiotic cells marked by Dmc1 overlapped with a subset of the Dazl-expressing cells at 120 and 150 dah. Both Dmc1 and Dazl signals were located near gonadal blood vessels during the initiation of meiosis (Fig. 9 , E and F). Cyp26a and Sox9 colocalized in testicular tissues at 150 dah, indicating that Cyp26a was expressed in Sertoli cells (Fig. 9, G and H) .
DISCUSSION
Conserved Sex-Specific Timing of Meiotic Initiation During Gonadal Differentiation in the Protandrous Black Porgy and Divergent Roles of cyp26 Genes
Though SRY (sex-determining region on the Y chromosome) genetically determines sex in mammals, primordial germ cells (PGCs) can initiate either spermatogenesis or oogenesis during embryonic development. When PGCs arrive at a female genital ridge, they enter meiosis. In the male gonad, somatic cells prevent PGCs from entering meiosis and instead allow them to initiate spermatogenesis [24] . Therefore, the sexual fate of germ cells is not decided by chromosomal constitution but rather by their somatic environment [25] .
Many lines of evidences have demonstrated that RA is involved in meiosis [26, 27] . Meiosis can be triggered by either endogenous or exogenous retinoids [9] [10] [11] [12] . In the embryonic mouse ovary, CYP26B1 is not expressed, and high concentrations of RA induce the meiotic gatekeeper gene Stra8, which initiates meiosis. Conversely, in the embryonic mouse testis, CYP26B1 is expressed and the resulting low concentration of RA cannot induce Stra8, thus preventing the initiation of meiosis [10] . In male testes of Cyp26b1 knockout mouse embryos, germ cells enter meiosis precociously [9] . However, the presence of CYB26B1 in the testis is not the only mechanism preventing male germ cells from entering meiosis. Fibroblast growth factor 9 (FGF9) has been shown to act directly on germ cells to suppress meiosis and actively promote male germ cell fate in the fetal mouse testis, as indicated by upregulation of male fate markers, e.g., Nanos2, Dnmt3L, and P15 [28] . FGF9 and RA show antagonistic effects on Nanos2 expression and meiotic initiation in mouse germ cells [29] . Using a coculture system, Guerquin et al. demonstrate that the presence of a testis hinders the initiation of meiosis and induces male germ cell differentiation in the XX gonad. The authors also find additional nonretinoid secreted factors that suppress meiosis and mitosis and determine germ cell fate in the testis [30] . In contrast to the mouse, Cyp26a is not exclusively expressed in the putative testicular tissue, where no meiotic cells could be detected at 150 dah. This finding suggests that Cyp26a is not the main factor preventing meiotic initiation in the testicular tissue of the black porgy. Indeed, there must be another mechanism inhibiting meiotic initiation in the testicular tissue. We also observe that Cyp26a-expressing cells are located adjacent to the Sycp3-expressing meiotic cells in the ovarian tissue. This result suggests potential crosstalk between meiotic cells and Cyp26a-expressing cells in the ovarian tissue during meiotic progression in the black porgy.
Our results show that germ cells located in the ovarian tissue of the juvenile black porgy enter meiosis earlier than those located in the testicular tissue. Based on the temporal and spatial expression profiles (Fig. 4I ) of meiotic cells in the gonadal tissue, the wave of meiotic initiation from the ovarian tissue to the testicular tissue is suggested. However, it is still possible (but not likely because of the gonadal tissue characteristics in this species [18, 20] ) that a meiotic event is initiated in the ovarian portion and the germ cells gradually enter testicular portion at a later stage.
Effect of E 2 on Ovarian Differentiation and Possible Roles in Meiosis
Estrogen is known to play important roles in both female and male reproduction [31] and to induce sex reversal in animals ranging from teleosts [32] to amphibians [33] , reptiles FIG. 6 . Effects of exogenous E 2 on the expression of enzymes involved in RA degradation (cyp26a and cyp26b) and RA synthesis (raldh2 and raldh3). A) Exogenous E 2 induced cyp26a expression during gonadal differentiation. The expression level of cyp26a was significantly higher than that of cyp26b (P , 0.0001). E 2 treatment increased cyp26a expression at 120, 150, and 180 dah (P , 0.0001) but had no significant effect on cyp26b expression. B) Exogenous E 2 suppressed raldh3 expression during gonadal differentiation. The expression level of raldh3 was higher than that of raldh2 (P , 0.0001). E 2 treatment decreased raldh3 expression (P , 0.05) but had no significant effect on raldh2. Relative expression levels were determined by qRT-PCR with ef1a as an internal control. The cyp26a and raldh2 expression levels at 90 dah were set at 1. Each bar represents the mean 6 SEM.
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[34], birds [35] , and marsupials [36] . Our previous studies show that E 2 treatment induced ovarian development in juvenile black porgy, though oocytes did not advance beyond the primary oocyte stage [17, 19, [37] [38] [39] [40] . In yeast, estrogen treatment increases the expression of adenylate cyclase mRNA in premeiotic diploid yeast cells and extends the duration of the premeiotic stage, delaying the onset of meiosis [41] . In porcine oocytes cultured in vitro, exogenous E 2 significantly inhibits FIG. 7 . Exogenous E 2 (estradiol) affected the expression of RARs during gonadal differentiation. The expression level of rarb was significantly higher than that of rara, rarc, or rarcb (P , 0.001). E 2 treatment inhibited rar (rara, rarb, rarc, rarcb) expression (P , 0.0001), highlighted by asterisks (A-D). The expression level of rxrc was significantly higher than that of rxrb or rxra (P , 0.0001). E 2 treatment reduced rxra expression at 150 dah (P , 0.01) and 180 dah (P , 0.0001) but had no significant effect at 120 dah. E 2 treatment reduced rxrb expression at 180 dah (P , 0.001) but had no significant effect at 120 or 150 dah. E2 treatment did not significantly affect rxrc expression, although there was a trend toward higher values in controls (E-G). Relative expression levels were determined by qRT-PCR with ef1a as an internal control. The rara and rxra expression levels at 90 dah were set at 1. Asterisks highlight the pertinent comparisons and indicate the significance level (*P , 0.01; **P , 0.001; ***P , 0.0001). Each bar represents the mean 6 SEM.
the release from meiotic arrest of cumulus-enclosed and cumulus-free oocytes in the absence of exogenous protein [42] . The involvement of steroids in meiosis provides another regulatory mechanism as well as other inhibitory factors [43] . E 2 increases the expression of Npr2 mRNA, which is required for the maintenance of meiotic arrest in mouse oocytes. In the absence of E 2 , cumulus cells fail to produce cyclic GMP, which is also essential for maintaining meiotic arrest [44] . Our results show that E 2 treatment induces the expression of cyp26a and decreases the expressions of dazl, raldh3, RARs (rars/rxrs) and the meiotic prophase markers dmc1 and sycp3. How those parameters interact remains to be elucidated. Nevertheless, exogenous E 2 seems to interfere with meiosis in this species, potentially explaining why E 2 does not drive further oocyte development [17, 19, [37] [38] [39] [40] . In addition, our previously published data show that ERa and ERb are differentially transcribed in the bisexual testicular and ovarian tissues. There are lower expression levels of ERa and ERb in 180 dah fish gonad after two months E2 treatment, while higher expression levels of ERa and ERb are detected after E2 withdrawal [37] . ERa transcripts in the testicular tissue are much more plentiful than those in ovarian tissue and then decrease in the process of sex change in black porgy. ERa transcripts are also ovarian stage dependent, whereas ERb transcripts are little changed compared with ERa. These data suggest that ERa is more likely associated with sex change in black porgy [45] . However, we have no further information about the ER regulation network because the promoter sequences of the target genes in black porgy are not yet well understood.
Black Porgy Provides a Unique Model for Studying Sex Differentiation
In gonochoristic vertebrates, female germ cells enter meiosis earlier than male germ cells. Whether hermaphroditic species also exhibit this phenomenon has remained unclear, especially for protandrous species that act as males in the first part of their life cycle. In the black porgy, a marine protandrous teleost, the central (ovarian) cavity forms at 5 mo of age, and the fish maintains a bisexual gonad for the first 3 years of life, prior to the sex change. The timing of gonadal sex differentiation occurs quite late. The ovarian tissue and testicular tissues are separated by the connective tissue. Testicular tissue undergoes an intensive spermatogenesis during the spawning season. Only approximately 40%-50% of fish change sex to female at 3 yrs of age. E 2 induces a reversible sex change in fingerlings [37] [38] [39] [40] . Reoccurrence of spermatogenesis and oogenesis at various periods of life in the same individual is very unique [37] [38] [39] [40] . Therefore, black porgy provide a unique model to study sex differentiation and development.
We find that the conserved pattern of ovarian germ cells entering meiosis earlier than male germ cells persists in this protandrous hermaphrodite. This finding indicates the existence of an upstream mechanism that drives female germ cells to enter meiosis earlier than male germ cells. This mechanism must function independently of the future fate of the germ cells. In mammals, CYP26B1, produced by Sertoli cells and interstitial cells, is a key factor preventing the initiation of meiosis in the fetal testis [9, 10, 46] . In the black porgy, cyp26a is more positively responsive to E 2 stimulation than cyp26b and decreases the expression of dmc1 and scp3. Furthermore, raldh3 rather than raldh2 is more closely associated with gonadal differentiation in the black porgy. E 2 has a significant repressive effect on the expression of raldh3 but not raldh2. Dazl knockout mouse ovaries show SYCP3 depletion at 15.5 dpc as well as reduced expression of other meiosis-related FIG. 8. Exogenous E 2 (estradiol) suppressed dmc1, sycp3, and dazl expression during gonadal differentiation. A and B) The relative expression level of dmc1 was significantly higher than that of sycp3 (P , 0.0001). E 2 treatment suppressed the expression of both dmc1 and sycp3 (P , 0.0001), highlighted by asterisks. Both dmc1 and sycp3 reached their expression peaks at 150 dah (P , 0.0001). Relative expression levels were determined by qRT-PCR with ef1a as an internal control. The expression level at 120 dah was set at 1. C) dazl expression was highest at 120 dah (P , 0.0001). There was no significant difference in dazl expression between 60 and 90 dah. E 2 treatment suppressed the expression of dazl at 120 dah (P , 0.01), highlighted by an asterisk. Relative expression levels were determined by qRT-PCR with ef1a as an internal control. The daz1 expression level at 60 dah was set at 1. Each bar represents the mean 6 SEM.
LAU ET AL. genes, such as Stra8, Dmc1, Spo11, and Rec8 [47] . Dazl is required as a permissive factor for gametogenesis, serving as a gateway from germ cell specification to the sex-specific pathways of oogenesis and spermatogenesis [48] . In the black porgy, we find that Dmc1-positive meiotic cells completely overlap with a subset of Dazl-expressing cells during the initiation of meiosis. The earlier expression of dazl and the overlapping expression with Dmc1 and Sycp3 suggest that dazl might confer meiotic competency of PGCs in this species. E 2 treatment also inhibits the expression of dazl at meiotic initiation and throughout gonadal differentiation.
